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Abstract 
An important and intractable problem of domestic engineering industry is the low productivity of operations performed on CNC 
machines. The reason for this is the absence of standards and methodologies for the design of optimal cycles for CNC machines. 
As a result, in practice, one has to manually choose processing modes which presents no solution to the problem of low 
productivity, as this method generates losses, particularly in relation to automated production intra grinding processing on CNC
machines in series production. 
To solve this problem the research, primarily, proposes a methodology for the design of optimal multivariable stepwise cycles 
internal grinding processing, allowing to calculate as follows: optimal values of the radial flow at all stages of the cycle; the
optimum value of the axial feed at all stages of the cycle; optimal allocation deduct allowance on the steps of the cycle for radial 
and axial feeds, which provide the minimum cycle time, given the technological constraints of the objective function. 
As a mathematical method of optimization of grinding cycles, applied dynamic programming method (DPM) is used. The 
application of the DPM is permissible due to the fact that this method does not require constructing an a priori bounds of the 
permissible restrictions and is not sensitive to the properties of management models and constraints. The optimality criterion is
adopted, the minimum cycle time of grinding. The optimality criterion is adopted being the minimum cycle time of grinding. The 
use of DPM allows taking into account any number of technological limitations of the objective function (limitations on the 
accuracy and other quality indicators; performance properties of a circle; design parameters of the machine). 
The designed internal grinding cycles of processing are multi-dimensional and reflect the dependence interdependence speed 
axial flow, radial flow and amount of removed stock. The method of optimization cycles allows expanding the number of 
optimized parameters and performing multivariable optimization in multidimensional space, which makes it use CAD to create 
engineering standards for cutting data for internal grinding operations that meet the requirements of modern production. 
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1. Introduction 
One of the leading trends of modern machinery is equipment with the latest CNC machines, enabling processing 
at higher speeds by set cycles [1-3]. Design cycles on modern machines continue to be made on the basis of data 
taken from reference literature 60, 70, 80-ies. This literature was developed for universal machines based on static 
data from that period and was intended mainly for the valuation of transactions. The use of software and technical 
support of modern equipment «outdated» data on the cutting conditions and the structure of the cycle leads to its 
inefficient use. The practice of using in the production of modern CNC machines shows that their performance is 
used only by 40-60% and often the performance is lower than on universal machine tools especially for small 
batches of parts. In an effort to increase the productivity of modern machine tools, enterprises are forced to carry out 
the selection of cutting parameters by processing of several test pieces with gradual increase of intensity of 
processing. This method is not cost-effective for the most common at the moment, the type of production – serial. 
All of the above fully applies to the operations of grinding internal cylindrical surfaces on modern CNC machines. 
The currently known computational techniques design cycles [4-10] have one common drawback – they do not 
use mathematical optimization techniques. The result using these methods, cycles is rational, if not optimal, which in 
turn leads again to an inefficient use of productive resources: equipment, tools, etc. It should also be noted that in the 
above-mentioned methods is missing one of the most important models of the performance limitations of the model 
the accuracy of the treatment, i.e. the methodology of design cycles do not guarantee the accuracy of machined 
surfaces. Thus, poor performance of internal grinding operations due to the lack of standards and techniques for 
design of control programs for CNC machine tools is a pressing concern within the engineering industry. 
Nomenclature 
VSoc axis feed rate, mm/min 
Sɪɚɞ radial flow, mm/dv.course 
ɉ allowance, mm 
n the number of radial flow 
m the number of the discrete unit allowance 
b the number of speed axial flow 
z number of stages of the cycle 
2.  Methods of optimizing internal grinding cycles 
In the 90-ies in the Chelyabinsk school grinding under the guidance of S. N. Korchak developed theory and 
methods of calculation of optimal cycles machining on cylindrical grinding machines [11-13]. In this work, we first 
applied a mathematical optimization method – the method of dynamic programming (MDP) [14], which found their 
application in works of many scientists [15, 16]. The application of the MDP due to the fact that this method does 
not require constructing an a priori bounds of the permissible restrictions and is not sensitive to the properties 
(differentiability and continuity) management models and constraints. The optimality criterion is adopted, the 
minimum cycle time of grinding, as it is a variable part of the costs, depending on the processing modes. The 
determination of the minimum cycle time in the process of optimization of the grinding cycle is performed with the 
mandatory accounting major technological constraints: quality and precision, operational characteristics, circle, 
design parameters of the machine, etc. Projected processing cycles for the operations round mortise grinding are 
two-dimensional and reflect the dependence of the radial velocity measurement of flow removed from the value of 
the allowance.  
By its structure and the complexity of the control loops internal grinding processing are more complex compared 
to the above-mentioned outer infeed grinding as it takes control not only radial flow, but the axial velocity. 
Additionally, require management and other processing parameters that have a significant impact on the process 
itself: the diameter and height of the circle, the speed of rotation of the work piece, the characteristic of a circle, 
radius grinding mandrel, overrun, and many others. As a consequence, application of the technique of optimization 
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cycles of the external plunge grinding process cannot directly be used to design internal grinding cycles. Therefore, 
it is necessary to develop a new methodology for the design of optimal cycle’s internal grinding treatment that 
balances all of the above control parameters. The underlying basis of the new methodology is the development of the 
dynamic programming method for the multidimensional space of control parameters. 
Optimization of operating conditions is made in mesh radial flow (Srad, mm/dv.course) – axis feed rate (VSoc
mm/min) – allowance (ɉɆ, mm). A graphical representation of the relationship of the listed operating parameters 
shown in Fig. 1. To facilitate understanding of the methodology for the design of optimal cycles internal grinding 
processing, the number of the units operating parameters reduced to the lowest possible value. MDP requires 
discretization of the governing parameters, as it relates to the methods of discrete optimization. We shall divide the 
scale of the radial flow on the N-1 pixels, where N is the number of radial feed of the machine) in the range from 
minimum to maximum radial feed. The scale of allowance will be divided into M-1 (M is the maximum number of 
discrete allowance at which the magnitude of the remaining portion of the allowance is equal to zero) in the range 
from the maximum value of the allowance to zero. The third coordinate axis (axis feed rate) divide B-1 discret (B – 
number of speeds axial feeds on the passport of the machine) in the range from minimum to maximum speed axial 
flow of the circle. For the purpose of fulfilling the constraints of the objective function by the number of valid steps 
of the cycle the state of the process introduces an additional z coordinate – number of stages of the cycle. That is, the 
process state will be characterized on the grid coordinates [m, n, b, z], which will henceforth be called the state 
coordinates of the grinding process. At each intersection of the grid placed «information cell» containing the 
following data: the optimal (minimal) time to reach the state, the current size of the surface finish, cutting forces, etc. 
The determination of the minimum time attaining the state is determined by means of brute-force options switch 
(changes) of filing within a projected cycle of competitive moves (Fig. 1). The number of competitive moves 
depends on the following factors: the rate of axial flow and radial flow are switched simultaneously or not 
simultaneously in the z-th level; the number of suitable feeds the discrete unit with its allowance, etc. 
Fig. 1. Grid to optimize cycle internal grinding processing using dynamic programming when taking into account restrictions on the number 
of switching’s innings 
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According to the principle of optimality of the competing moves, you must choose the best course with the best 
time to reach state. The choice of the optimal move is carried out by means of modeling of removal rate of the m-th 
discrete unit allowance for each contention turn. In modeling the process of metal removal calculated values actually 
recorded in the allowance, the current values of the radii of the processed holes, the cutting force, time of removal of 
the discrete unit of allowance, the time to reach the States, etc. More detailed modeling of metal removal for internal 
grinding can be found in [17-20]. 
Competing the course involved in choosing the best move, if made in the state [m, n, b, z] are all constraints on 
the target function. Constraints are divided into two groups. The first group includes the constraints in the end of the 
cycle (precision, respirologist, the roughness of the processed surface). The second group of limitations during the 
entire grinding cycle (on the flow properties of the circle, drive power, admissibility feed rate, etc.). 
The amount actually filmed allowance is in direct proportion to the radial feed control limit which is determined 
by the allowable range of the machine. As a result, we can assume that the most rapid decrease in the value of the 
actually-recorded allowance possible with the minimum permissible value of radial flow and speed of the axial flow. 
Then check how the restrictions in the final state of the process is to answer the question (principle validation of 
stroke) – possible after removing the m-th part of an allowance of time to reduce the amount actually recorded an 
allowance of time for removal of the remaining portion of the allowance with minimal radial and axial feed up to the 
value at which executed the limitations of the first group? If the answer to this question is negative, then the removal 
of the remaining portion of the allowance under any other large values of the radial and axial feeds from the 
acceptable range of flows to meet these constraints it is even more impossible. As a result, validation of progress on 
the limitations of the first group (accuracy, cauterization and roughness) is reduced to the following typical 
procedure. After modeling metal removal-coordinates [m, n, b] (make a move) made a similar simulation of the 
removal of the remaining portion of the allowance, if admissible under the machine feeds – coordinates [mmax, nmin,
bmin]. Thus, of all the competing moves are selected, only the valid moves. And from a set of valid moves selected 
optimum speed, with the optimal (minimal) time to reach the state and allowed by all constraints. Then, in the 
«information cell» contains the radial and axial feeds, number of steps, produced where the optimal move. 
Memorized the level value, where the produced optimal speed, is fixed for each state [m, n, b, z] and is stored in the 
variable n*, b*, and z* (Fig. 1). The exceptions are the intersection coordinates [m, n, b, z], which do not have any 
valid moves. 
The optimization process begins with the implementation of the totality of moves straight to the first discrete 
mating. Then made the transition from the previous discrete allowance (m-1) for n-th radial feed of the circle at the 
m-th one of the discrete mating. Each competing progress checks for valid according to the specified constraints. 
When reaching [m, n, b, z] condition of the grinding process with one or more valid competing moves by the 
selection of the best move, providing the minimal time to reach the state. In the «information cell» is written to the 
coordinates of the previous state of the process from which the transition is optimal. After reviewing recent discrete 
allowance m=M of the optimal number of moves which are located in different rooms of radial feeds, selects one 
move that has the minimum time to reach the end state (minimum cycle time).  
For fixation of optimal trajectory control of a grinding cycle, you must perform the reverse procedure, which 
starts from the process of having the minimum time to reach the end state. Recovery trajectory control cycle occurs 
on the coordinates of the previous process state n*, b* and z*, going from a finite discrete unit allowance to primary, 
while remembering the value of feeds and allowances. In Fig. 1 shows a graphical representation of the example 
procedure reverse that form the trajectory of the optimal control program. After the compulsory procedure-reverse 
cycle is formed internal grinding processing, is presented in Fig. 2 in the coordinates of the «Radial flow (Sɪɚɞ,
mm/dv.course) – axis feed rate (VSoc, mm/min) – allowance (ɉM, mm)» a spatial trajectory of the control program 
and its projections. In Fig. 2 you can also see the spatial path control program, change the values actually recorded in 
the allowance, spatial representation changes the values actually recorded in the allowance, the projection of the 
trajectory cycle in planes Srad and ɉ – A1B1C1D1E1, Srad and VSoc – A2B2C2D2E2, VSoc and ɉ – A3B3C3D3E3.
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Fig. 2 – Example of a three-cycle internal grinding processing in two-dimensional (a) and three-dimensional (b) the space of control parameters 
3. Conclusion 
This paper proposes a method of calculating the optimum internal grinding cycles of processing: 
x allows with mathematical precision to design the optimal internal grinding cycles using dynamic programming 
method; 
x not sensitive to the form of mathematical models (linearity, differentiability) of the process and constraints of the 
target function; 
x allows to take into account any number of technological constraints on the target function; 
x provides multi-parameter optimization of the control program for CNC machines on the internal grinding 
operations. The results of the optimization are: optimal values of the radial flow Srad at all stages of the cycle; 
the optimum value of the axial feed Vsoc at all stages of the cycle; optimal allocation deduct allowance on the 
steps of the cycle for radial flow Srad and axial flow Vsoc, which provide the minimum cycle time (or other 
objective function). 
x allows you to expand the number of optimized parameters and perform multivariable optimization in 
multidimensional space. 
References 
[1] J.F.G. Oliveira, E.J. Silva, C. Guo, F. Hashimoto, Industrial challenges in grinding, CIRP Annals, Manufacturing Technology. 58 (2009) 633–
680. 
[2] W.B. Rowe, Principles of Modern Grinding Technology: second ed., Elsevier Inc, Liverpool, 2013. 
[3] D.V. Ardashev, Definition of Abrasive Grain Wear upon Grinding from the Standpoint of the Kinetic Theory of Strength, Journal of Friction 
and Wear, Allerton Press. 36 (2015) 266–272. 
[4] V.N. Mikhelkevich, Automatic control of grinding, Mechanical Engineering, Moscow, 1975. 
[5] A.A. D'yakonov, L.V. Shipulin, Complex process modeling of plane grinding by the periphery of a circle, Science Intensive Technologies in 
Mechanical Engineering. 6 (2013) 14–18. 
[6] R.D. Nathan, L. Vijayaraghavan, R. Krishnamurthy, Intelligent estimation of burning limits to aid in cylindrical grinding cycle planning, 
Heavy Vehicle Systems. 80 (2001) 48–59. 
[7] T. Nishimura, I. Inasaki, N. Yamamoto, Study on optimization of internal grinding cycle, Nippon Kikai Gakkai Ronbunshu, C 
Hen/Transactions of the Japan Society of Mechanical Engineers, Part C. 55 (1989) 1808–18013. 
[8] O. Horiuchi, T. Shibata, Computer simulations of cylindrical plunge grinding – Influence of work stiffness on grinding accuracy, Key 
Engineering Materials. 329 (2007) 51–56. 
[9] I. Inasaki, Monitoring and Optimization of Internal Grinding Process, CIRP Annals – Manufacturing Technology. 400 (1991) 359–363. 
126   P.P. Pereverzev and A.V. Akintseva /  Procedia Engineering  129 ( 2015 )  121 – 126 
[10] J. Alvarez, D. Barrenetxea, J.I. Marquinez, I. Begiaga, I. Gallego, Continuous variable feed rate: A novel method for improving infeed 
grinding processes, International Journal of Advanced Manufacturing Technology. 73 (2014) 53–61. 
[11] P.P. Pereverzev, Simulation and optimization of the controlling programs in automated machine-building production, Bulletin of the South 
Ural State University. Ser. Mashinostroenie. 12 (2012.) 152–157. 
[12] P.P. Pereverzev, Modeling technological constraints in the optimization of automatic grinding cycles, Bulletin of the South Ural State 
University. Ser. Mashinostroenie. 12 (2012) 165–170. 
[13] P.P. Pereverzev, D.Yu. Pimenov, Optimization of control programs for numerically controlled machine tools by dynamic programming, 
Russian Engineering Research. 35 (2015) 135–142. 
[14] R. Bellman, Dynamic programming, Foreign Literature Publishing House, Moscow, 1960. 
[15] C.W. Lee, Dynamic optimization of the grinding process in batch production, Journal of Manufacturing Science and Engineering,
Transactions of the ASME. 131 (2009) 61–66. 
[16] P. Krajinik, R. Drazumeric, J. Badger, F. Hashimito, Cycle optimization in cam-lobe grinding for high productivity, CIRP Annals – 
Manufacturing Technology. 630 (2014) 333–336. 
[17] P.P. Pereverzev, A.V. Popova, Analytical modeling of interrelation of force of cutting at internal grinding with the key technological
parameters, Mettaloobrabotka. 3 (2013) 24–30.  
[18] P.P. Pereverzev, A.V. Popova, D.Yu. Pimenov, Relation between the Cutting Force in Internal Grinding and the Elastic Deformation of the 
Technological System, Russian Engineering Research. 35 (2015) 215–217. 
[19] A.V. Popova, Design of Optimal Internal_Grinding Cycles, Russian Engineering Research. 35 (2015) 378–380. 
[20] P.P. Pereverzev, A.V. Popova, Development of a method of optimization of internal grinding cycles of processing in multidimensional space, 
Modern problems of theory of machines. 3 (2015) 22–25.  
